Granulopoiesis
Myeloid cells are key components of the innate immune system, offering general protection against bacteria and parasites. As with all forms of hematopoiesis, new myeloid cells arise throughout life to replace the old. When myeloid cells are renewed, they must choose between two distinct lineages, monocytes and granulocytes. These cell fate decisions and differentiation events are critically important not only because myeloid cells are necessary for proper immune function but also because their dysregulation leads to myeloid leukemias. Recent work has shown that the transcription factor C/EBP␣ is fundamental both in normal myeloid differentiation and in the block to differentiation that causes myeloid leukemias (44) . C/EBP␣ is the prototypical basic-region leucine zipper (bZIP) transcription factor (4) . This family is characterized by the presence of a basic region that mediates DNA binding and a leucine zipper that allows dimer formation. In addition to forming homodimers, C/EBP␣ dimerizes with other members of the C/EBP family (C/EBP␤, -␥, -␦, ε, and CHOP) (20) and interacts with other proteins such as TFIIB, TBP, Rb, p300/ CBP, p21, and members of the SWI/SNF complex (2, 5, 24, 30, 45) . Recently, it has been shown that C/EBP␣ is regulated by phosphorylation and sumoylation (17, 37, 43) . However, it is not clear how these posttranslational modifications affect the functions of C/EBP␣ in vivo.
A key role of C/EBP␣ is to regulate differentiation of a select set of cell types. Within the hematopoietic system, C/EBP␣ is expressed in myeloblast progenitors and granulocytes, but not monocytes. Ectopic expression of C/EBP␣ in bipotential myeloid cells induces granulopoiesis and blocks monocyte differentiation (34) , whereas loss of C/EBP␣ results in an absence of granulocytes (57) . C/EBP␣ is likewise important for adipose tissue, where it mediates differentiation of preadipocytes into adipocytes and regulates the metabolism of mature adipocytes (4, 36) . The requirement of C/EBP␣ for life, however, is revealed in the liver and lung. Without intervention, C/EBP␣ Ϫ/Ϫ mice die within hours of birth of hypoglycemia due to impaired function of hepatocytes (54) or of respiratory failure due to impaired function of type II pneumocytes (8, 22) . C/EBP␣ is also expressed, although its function remains poorly characterized, in the intestine, adrenal gland, skin, mammary gland, placenta, and brain (20) .
Several recent studies highlight the crucial antimitotic role of C/EBP␣, which inhibits cell growth through a variety of mechanisms. First, C/EBP␣ induces expression and stability of the cyclin-dependent kinase inhibitor, p21 (48) . Second, C/EBP␣ interacts directly with the cyclin-dependent kinases Cdk2 and Cdk4 and blocks their ability to interact with cyclins, thereby impeding cell cycle progression (14, 52, 53) . Finally, C/EBP␣ directly represses the activity of E2F, a key transcriptional regulator of cell cycle genes (16, 41, 46, 47) . Indeed, the ability of C/EBP␣ to repress E2F may be necessary for induction of differentiation to granulocytes and adipocytes (16, 32) . Moreover, there is increasing evidence from myeloid and lung cancers that C/EBP␣ is a tumor suppressor gene (13) . Several papers have reported that the antiproliferative effect of p42C/ EBP␣ is blocked by mutations of C/EBP␣ in acute myeloid leukemia (AML) (11, 28, 33) . While some mutations increase expression of the alternate translation product p30C/EBP␣, which behaves functionally as a dominant negative factor for C/EBP␣ action, other mutations, within the bZIP domain, result in deficient binding to DNA. The differentiation of granulocytic blasts is blocked in these tumors, again underscoring the inseparable association between growth arrest and differentiation, each requiring C/EBP␣ for proper regulation.
While many studies have uncovered the importance of C/EBP␣, both in normal physiology and in disease, little is known about mechanisms that regulate its activity. In this study, we identified serine 21 as a novel site of phosphorylation and showed that this site is directly phosphorylated by extracellular signal-regulated kinases 1 and/or 2 (ERK1/2), which recognize serine 21 of C/EBP␣ as a substrate through an FXFP docking motif. This phosphorylation induces a conformational change in C/EBP␣ such that the transactivation domains of two C/EBP␣ molecules within a dimer move further apart, as demonstrated by fluorescence resonance energy transfer (FRET). Finally, we present evidence that phosphorylation of C/EBP␣ inhibits granulopoiesis. Our work elucidates a molecular mechanism that inhibits the activity of C/EBP␣ in the context of myeloid differentiation and may therefore have implications for myeloid leukemias.
L-glutamine. For deprivation experiments, U937 cells were washed twice in RPMI medium without serum and cultured in phenol red-free RPMI 1640 medium (Invitrogen) supplemented with 10% charcoal-dextran-treated FBS (HyClone or Gemini BioProducts) and 0.5 g of puromycin (Sigma) per ml. Platelet-derived growth factor (PDGF) was from Intergen, U0126 was from Promega, PD98059 was from Cell Signaling, and ␤-estradiol was from Sigma.
In vivo phosphorylation and protein purification. His-tagged C/EBP␣ was transfected into 293T cells, labeled in vivo, and purified as previously described (37) . Briefly, transfected cells were incubated for 3 h in phosphate-free DMEM supplemented with 32 P i and were then lysed in a denaturing urea buffer. Histagged C/EBP␣ was purified on nickel resin, concentrated by centrifugation, and separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). Gels were zinc stained, and His-tagged C/EBP␣ was excised. Samples were sent to the Protein Structure Core Facility at the University of Nebraska Medical Center for analyses. In-gel cleavage was performed with trypsin. Peptides were separated on a Vydac C 18 column and sequenced with an ABI 477 protein sequencer as described previously (51) .
Stable transfection. For K562 and U937 cells, a total of 10 7 cells were electroporated in a Gene Pulser (Bio-Rad) with 5 g of ScaI-linearized plasmid at 220 V and 960 F in 0.4-cm cuvettes (Molecular BioProducts). Alternatively, U937 cells were nucleofected by the Amaxa system with reagent R and program T-20. Cells were plated on 96-well plates at 10 5 per well in phenol red-free RPMI medium-10% charcoal-stripped FBS, and selection with 0.5 g of puromycin per ml was initiated 48 h after transfection.
Retroviral infection. Ectopic expression of C/EBP␣ was by retroviral infection as previously described (5) . Briefly, 293T cells were transfected with C/EBP␣ expression vectors and viral packaging vectors. Virus-containing media were collected and applied to 3T3-L1 cells, and infected cells were selected with Geneticin (Invitrogen) or puromycin as indicated.
Protein extracts and separation. Nuclei were purified from 3T3-L1 preadipocytes or white adipose tissue derived from the epididymal fat pads of C57BL/6 mice by Dounce homogenization in a hypotonic lysis buffer and centrifugation as previously described (37) . Purified nuclei were lysed in isoelectric focusing buffer or SDS-PAGE buffer (37) . For isoelectric focusing, polyacrylamide-urea minigels were made in accordance with the manufacturer's (Bio-Rad) instructions with a 1:1 mixture of pH 3 to 10 and 5 to 8 ampholytes (Bio-Rad). Protein samples (approximately 20 g) were loaded and focused for 15 min at 100 V, for 15 min at 200 V, and then for 1 h at 450 V. For SDS-PAGE, nuclear or whole-cell lysates were separated on 11.5% gels. Proteins separated by isoelectric focusing or SDS-PAGE were then transferred onto PVDF-plus membrane for immunoblot analyses.
For K562 and U937 cells, 5 ϫ 10 6 cells were harvested by centrifugation and washed in 100 l of phosphate-buffered saline (PBS). Cell pellets were resuspended in PBS, and cells were lysed by addition of an equal volume of 2ϫ Laemmli sample buffer (without bromophenol blue [18] ) and boiling for 10 min. Mouse tissues were finely chopped with a razor blade, suspended in a small volume of PBS, and lysed in Laemmli buffer as described above. Protein concentrations were determined with protein assay solution (Bio-Rad). For immunoblot analysis, protein extracts (60 to 80 g) were electrophoresed on SDS-7.5% discontinuous polyacrylamide gels (18) .
Immunoblot analysis. Immunoblotting was performed essentially as described previously (15) , with the following antibodies: a polyclonal C/EBP␣ antibody raised against a synthetic peptide (amino acids 253 to 265; reference 21), ERK1/2 antibody (Promega), phospho-ERK1/2 antibody (Cell Signaling Technology Inc.), antibody against phosphoserine 21 of C/EBP␣ (gift from Cell Signaling Technology Inc.), rabbit polyclonal anti-C/EBP␣ antibody (sc-61; Santa Cruz Biotechnology), goat anti-C/EBP␣ antibody (sc-9314; Santa Cruz Biotechnology), and mouse anti-␤-tubulin monoclonal antibody. Equivalent loading of lanes was determined by Ponceau S staining.
In vitro kinase assay. GST fusion proteins were grown in 1 liter of BL-21 cells stimulated with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) for 3 h. Bacteria were then centrifuged at 5,000 rpm (Eppendorf 5415C centrifuge) for 10 min, resuspended in 30 ml of cell lytic B reagent (Sigma), and lysed by sonication. Following centrifugation at 10,000 rpm (Eppendorf 5415C centrifuge) for 10 min, supernatant was incubated with 0.5 ml of glutathione agarose beads (Pharmacia) for 1 h at 4°C. Beads were pelleted and washed four times with lysis buffer. Next, beads were resuspended 1:1 in storage buffer (20 mM HEPES [pH 7.4], 50% glycerol, 150 mM NaCl). For in vitro kinase assays, 5 g of GST fusion protein was incubated with 25 U of recombinant ERK2 (New England Biolabs) in accordance with the manufacturer's instructions. Reaction products were separated by SDS-PAGE and analyzed by autoradiography.
Immunofluorescent labeling. Cytospun cells were fixed with Histochoice tissue fixative (Sigma) for 10 min. Preparations were washed twice with PBS, permeabilized in 0.1% Triton X-100 in PBS (5 min), washed in PBS, and blocked in 5% milk-TBST for 1 h at room temperature. Slides were stained with anti-C/EBP␣ antibody (Santa Cruz) diluted 1:100 in 5% milk-TBST with 10% normal goat serum (Sigma), incubated for 1 h at room temperature, and washed twice in PBS. Following a 1-h incubation at room temperature with anti-rabbit-Alexa 488 conjugate (Molecular Probes) diluted 1:400 in 5% milk-TBST, slides were washed three times in PBS and rinsed in water. Preparations were mounted in ProlongFade (Molecular Probes), and cells were visualized by fluorescence microscopy.
Nitroblue tetrazolium reduction assay. Reduction of nitroblue tetrazolium by respiratory burst products was assayed with nitroblue tetrazolium tablets (Sigma) in accordance with the manufacturer's protocols. Cells were cytospun and counterstained with safranin.
RNA isolation and Northern blot analysis. (10, 42) served as a probe for G-CSF receptor mRNA. The human C/EBPε probe was a 0.5-kb PstI fragment of the pJurkat1 clone (1). To ensure uniform levels and integrity of RNA samples loaded in each lane, the blot was stripped and rehybridized with a 1.3-kb PstI fragment of rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (9) . After autoradiography, relative mRNA levels were quantified with a PhosphorImager and software from Molecular Dynamics. EMSAs. Nuclear extracts were prepared, and electrophoretic mobility shift assays (EMSAs) were performed as previously described (3, 35) . Briefly, 5 ϫ 10 7 cells were washed once in PBS, resuspended in an equal volume of ice-cold hypotonic buffer, and incubated on ice for 15 min. Cells were then lysed by five passages through a 26-gauge needle and nuclei were isolated by a 20-s centrifugation at 14,000 rpm (Eppendorf 5415C centrifuge). Nuclear proteins were extracted with a high-salt buffer, and total protein was assayed with the Bio-Rad kit. Complementary oligonucleotides were annealed and labeled at the 5Ј ends with [ 32 P]ATP (6,000 Ci/mmol; Amersham, Arlington Heights, Ill.) and T4 polynucleotide kinase (NEB, Beverly, Mass.) and separated from unincorporated nucleotides by passage through a Sephadex G-25 column. EMSAs were performed by incubating 10 g of nuclear extracts with 50,000 cpm of doublestranded oligonucleotide in a 20-l reaction mixture. For the supershift assay, 1 l of polyclonal anti-C/EBP␣ antibody (sc-61X; Santa Cruz) was added to the binding reaction mixture. Binding reaction products were resolved on a 4% nondenaturing polyacrylamide gel. Oligonucleotides used in EMSAs were derived from the human G-CSF receptor promoter (bp Ϫ57 to Ϫ38).
FRET measurement of C/EBP␣ dimer conformation in 3T3-L1 preadipocytes. Fluorescent C/EBP␣ fusion proteins were expressed individually or coexpressed with C/EBP␣ expression vectors tagged with the complementary fluorophore, as indicated. 3T3-L1 cells were transfected with Fugene 6 (Roche Diagnostics), grown for 2 days, and then treated with vehicle (dimethyl sulfoxide) or 10 nM phorbol 12-myristate 13-acetate (TPA; Sigma). Cells were imaged with quantitative fluorescence imaging detection equipment as described previously (39, 56) . All images were collected with an Olympus 60ϫ Plan Apochromat objective 20 to 35 min after treatment with TPA. For each cell, three fluorescence channels were collected. The donor channel consisted of CFP excited with 431-to 440-nm light and CFP fluorescence collected at 455 to 485 nm, the acceptor channel consisted of YFP excited with 496-to 505-nm light and YFP fluorescence collected at 520 to 550 nm, and the FRET channel consisted of CFP excited with 431-to 440-nm light and YFP fluorescence collected at 520 to 550 nm.
Calculation of FRET relied on correction for background fluorescence and the relative contributions of CFP and YFP fusion proteins themselves to each of the donor, acceptor, and FRET fluorescence channels for each cell. With corrected fluorescence values, we then examined whether amounts of cyan (donor) fluorescence decreased concomitant with an increase in FRET as energy was transferred from CFP to YFP (39, 56) . This was accomplished by determining whether the ratio of corrected fluorescence in the FRET and donor channels (FRET/ donor) was increased when CFP-and YFP-tagged C/EBP␣ proteins were coexpressed compared to the ratio expected from independently expressed CFP-and YFP-tagged C/EBP␣ proteins. This procedure is described in brief below, but details have been provided previously (39, 56) .
Control measurements from cells expressing only CFP-C/EBP␣, C/EBP␣-CFP, YFP-C/EBP␣, or C/EBP␣-YFP established the extents to which each CFP or YFP fusion protein independently contributed to the other fluorescence channels. Fluorescence levels in each channel were quantified for each cell following subtraction of the background levels of fluorescence detected within adjacent regions of the same images where the fluorescent fusion proteins were not expressed. Image collection and data analysis were conducted with Metamorph imaging software (Universal Imaging Corporation). Compared to the signal in the donor channel, contributions of the donors, CFP-C/EBP␣ (Ϫ0.02% Ϯ 0.40%; n ϭ 243 cells) and C/EBP␣-CFP (0.02% Ϯ 0.43%; n ϭ 296 cells), to the acceptor channel were insignificant, whereas their contributions to the FRET channel were 54.54% Ϯ 1.33% and 54.62% Ϯ 1.21%, respectively. The acceptors, YFP-C/EBP␣ and C/EBP␣-YFP, contributed 0.06% Ϯ 0.37% (n ϭ 201 cells) and 0.00% Ϯ 0.34% (n ϭ 234 cells) to the donor channel and 13.88% Ϯ 0.73% and 14.22% Ϯ 0.75% of that collected in the acceptor channel, respectively. These values are constants reflecting the physical properties of the fluorophores themselves and the collection properties of the detection equipment.
To detect energy transfer from donor CFP to acceptor YFP in cells coexpressing CFP-and YFP-tagged C/EBP␣, contributions of YFP-tagged C/EBP␣ to the FRET and donor channels were subtracted with the constants defined above (39, 56) . Similarly, the negligible amount of the donor contribution to the acceptor channel was subtracted. The remaining signal in the donor and FRET channels was the contribution of CFP to the donor and FRET channels, as well as the contributions to the FRET channel of energy transfer from CFP to YFP. If there is energy transfer from CFP to YFP, amounts of fluorescence in the donor channel decrease and amounts of fluorescence in the FRET channel increase. Thus, after correction for the background and bleedthrough, FRET is detected as an increase in FRET/donor fluorescence above the 54.57% contributed by CFP fusion proteins alone.
The amount by which FRET/donor fluorescence increases is dependent on the relative expression of the acceptor and donor fluorophores in the cell (39, 56) . As acceptor levels increase, opportunities for interaction with a donor-containing partner increase and the FRET/donor ratio increases. At acceptor/donor levels substantially below those in which all donors are saturated by interactions with acceptors, the slope of FRET/donor versus acceptor/donor graphs represents the extent to which energy transfer, normalized for the relative acceptor and donor amounts within the cell, occurs under different conditions. The extent of FRET is affected by the distance between fluorophores; by the orientation of the fluorophores, which do not transfer energy symmetrically; and by the interaction kinetics of target proteins (39) .
In the present studies, FRET for each combination of wild-type C/EBP␣ and S21A and S21D mutant C/EBP␣ labeled with CFP and YFP at the amino termini was calculated from 99, 104, and 154 cells measured after vehicle addition and 111, 103, and 132 cells after incubation with TPA. The amounts of FRET from a C-terminal C/EBP␣-CFP to an N-terminal YFP-C/EBP␣ were calculated from 119 wild-type, 116 S21A mutant, and 249 S21D mutant cells incubated with the vehicle and from 120 wild-type, 119 S21A mutant, and 248 S21D mutant cells incubated with TPA. Extents of FRET between CFP and YFP fused at the carboxy termini were calculated from 116 wild-type, 115 S21A mutant, and 153 S21D mutant cells incubated with vehicle and from 118 wild-type, 106 S21A mutant, and 155 S21D mutant cells incubated with TPA.
RESULTS
Phosphorylation of C/EBP␣ on serine 21. We previously reported that C/EBP␣ is a phosphoprotein and identified three phosphorylation sites (T222, T226, and S230), two of which (T222 and T226) are phosphorylated by glycogen synthase kinase 3 (15, 23, 37) . However, isoelectric focusing of C/EBP␣ suggested the existence of at least one additional site. To identify this site, we metabolically labeled C/EBP␣ in vivo, purified the protein, and digested it into peptides by treatment with trypsin.
32 P-labeled peptides were sequenced by Edman degradation, and the radioactivity associated with each cycle was quantified. By this approach, we identified the C/EBP␣ peptide spanning serine 16 through arginine 35 as a phosphopeptide in three independent experiments. The dramatic release of radioactivity with cleavage of serine 21 during cycle 6 (Fig. 1A) identified this site as a phosphoamino acid. Sequence analysis of C/EBP␣ revealed that serine 21 and its surrounding sequence are highly conserved among mammals (data not shown).
The presence of multiple phosphorylation sites on C/EBP␣ makes it difficult to monitor the phosphorylation of a particular amino acid by mobility shift upon SDS-PAGE (15, 23, 37) . Therefore, to study covalent modification of serine 21, we engineered a C/EBP␣ protein with an internal deletion of amino acids 137 to 230 (⌬C/EBP␣). This protein does not contain phosphoamino acids T222, T226, and S230, and differences in the mobility of ⌬C/EBP␣ are easier to resolve by SDS-PAGE because of its smaller size. To serve as a control VOL. 24, 2004 PHOSPHORYLATION OF C/EBP␣ INHIBITS GRANULOPOIESIS 677
for subsequent experiments, we engineered a mutation of the phosphoacceptor residue such that serine 21 is converted to alanine. These expression constructs are illustrated in Fig. 1B . To confirm that serine 21 is a phosphoamino acid and to investigate the regulation of this site, ⌬C/EBP␣ or ⌬C/EBP␣-S21A was introduced into 3T3-L1 preadipocytes with a retroviral delivery system. Following selection, serum-deprived cells were left untreated (Ϫ) or were treated with 10% calf serum (ϩ) for 10 min. Proteins were separated by SDS-PAGE (Fig.  1C ) or isoelectric focusing (Fig. 1D ) and analyzed by immunoblot assay for C/EBP␣. In the absence of treatment, ⌬C/ EBP␣-S21A and the majority of ⌬C/EBP␣ migrated with a single mobility, as assessed by SDS-PAGE or isoelectric focusing. Treatment of ⌬C/EBP␣-expressing cells with calf serum resulted in the appearance of a second species with decreased mobility upon SDS-PAGE and increased acidity upon isoelectric focusing, indicative of phosphorylation. In sharp contrast, migration of ⌬C/EBP␣-S21A was not affected by treatment with calf serum. To confirm that shifts in the mobility of ⌬C/ EBP␣ were due to phosphorylation, we treated lysates from calf serum-treated cells with alkaline phosphatase. This treatment resulted in the disappearance of the second, upper band on SDS-PAGE and isoelectric focusing gels (data not shown). These data demonstrate that C/EBP␣ is phosphorylated on serine 21 in 3T3-L1 cells in response to calf serum.
ERK1/2 phosphorylates C/EBP␣ on serine 21. As a first step toward uncovering the mechanism of signaling to C/EBP␣, we investigated specific agents that induce serine 21 phosphorylation. We tested a variety of hormones known to be present in calf serum and found that PDGF stimulates serine 21 phosphorylation ( Fig. 2A) . Further experiments revealed that physiological concentrations of PDGF (50% effective concentration, ϳ10 nM) rapidly and transiently stimulate serine 21 phosphorylation, with maximal phosphorylation observed after 20 min (data not shown). Because serine 21 is adjacent to a C-terminal proline, and because PDGF is known to activate ERKs, which are proline-directed kinases, we evaluated whether serine 21 is phosphorylated by ERKs. Treatment of ⌬C/EBP␣-expressing 3T3-L1 cells with calf serum, PDGF, or the protein kinase C activator TPA stimulates serine 21 phosphorylation, as indicated by a shift in the mobility of ⌬C/EBP␣ ( Fig. 2A, top) . As expected, these treatments also increased the phosphorylation of ERK1 and ERK2, as assessed by the mobility of ERK1/2 on SDS-PAGE ( Fig. 2A, middle) and by immunoblot analysis with antisera against phosphorylated ERK1/2 ( Fig. 2A, bottom) . Pretreatment of ⌬C/EBP␣-expressing cells for 30 min with a MEK inhibitor (U0126) not only blocked ERK1/2 activation by calf serum, PDGF, or TPA but also abolished serine 21 phosphorylation ( Fig. 2A) . In contrast, inhibition of p38 MAP kinase with SB203580 or inhibition of c-Jun N-terminal kinase with SP600125 did not affect the stimulation of serine 21 phosphorylation by these agents (data not shown). These data indicate that activation of ERK1/2 is required for calf serum, PDGF, or TPA to induce phosphorylation of serine 21.
Inspection of the sequence surrounding serine 21 revealed a putative MAP kinase docking site (FXFP; 6) 10 amino acids C terminal to the site of phosphorylation (Fig. 2B) . Like serine 21, this binding motif is highly conserved among mammalian C/EBP␣ proteins (data not shown). We therefore tested the possibility that ERK1/2 interacts with C/EBP␣ through this site to phosphorylate serine 21. To test this hypothesis, we created a docking site mutant C/EBP␣ in the context of ⌬C/EBP␣ in which the first phenylalanine in the putative docking site was mutated to an alanine (F31A). 3T3-L1 cells were infected with ⌬C/EBP␣ or ⌬C/EBP␣-F31A and treated with activators of ERK1/2 prior to immunoblot analysis. As in Fig. 2A, calf   FIG. 1 . Phosphorylation of C/EBP␣ on serine 21. (A) In vivo labeling of C/EBP␣ was performed to identify phosphorylated residues. 32 P-labeled C/EBP␣ was purified, cleaved with trypsin, and separated by high-performance liquid chromatography. Fraction 87 was found to contain radioactivity, and sequencing revealed it to be amino acids S16 to R35 of C/EBP␣ (x axis). The radioactivity associated with each amino acid was quantified (y axis; counts per minute [CPM] ). The majority of the radioactivity was found in the sixth cycle, corresponding to serine 21. (B) Schematic representation of C/EBP␣ proteins engineered for further experiments. Four known phosphoamino acids, S21 (identified herein), T222, T226, and S230 (previously identified [37] ) are illustrated. WT, wild type. (C) 3T3-L1 cells were infected with retroviruses carrying the genes for ⌬C/EBP␣ and ⌬C/EBP␣-S21A. Cells were not treated (Ϫ) or treated (ϩ) with 10% calf serum (CS) for 10 min prior to lysis and purification of nuclear proteins. (Fig. 2C) , and TPA (data not shown) induced serine 21 phosphorylation in the context of ⌬C/EBP␣. In contrast, phosphorylation of serine 21 in response to calf serum, PDGF (Fig. 2C ), or TPA (data not shown) is dramatically reduced when the ERK docking site is mutated from FGFP to AGFP. These findings suggest that phosphorylation of C/EBP␣ on S21 by ERK1/2 is dependent on this specific docking sequence.
To ascertain whether ERKs phosphorylate C/EBP␣ directly, we created a GST-C/EBP␣ fusion protein (containing amino acids 1 to 139 of C/EBP␣) to use as a substrate for in ERK1 in vitro. We also created GST fusion proteins in which the phosphoacceptor residue was mutated to an alanine (S21A) or in which the first phenylalanine of the putative ERK docking site was ablated (F31A). In vitro kinase reactions revealed that wild-type GST-C/EBP␣ is a substrate for phosphorylation by ERK2 (Fig. 2D) , confirming that this kinase directly phosphorylates C/EBP␣. However, when either serine 21 or phenylalanine 31 is mutated to alanine, the amount of phosphate incorporated into C/EBP␣ is greatly reduced. These data indicate that efficient phosphorylation of C/EBP␣ (amino acids 1 to 139) by ERK2 in vitro requires both the phosphoacceptor residue, serine 21, and an ERK docking motif.
Phosphorylation of serine 21 in vivo. Although our data provide compelling evidence that exogenous C/EBP␣ is phosphorylated on serine 21 in a number of experimental settings, our experiments did not prove that this modification occurs on endogenous C/EBP␣. To address this issue, we initiated development of a phosphospecific antibody that specifically recognizes C/EBP␣ when phosphorylated on serine 21 (P-S21). To test the specificity of this antibody, CV-1 cells were transiently transfected with expression vectors encoding C/EBP␣ or C/EBP␣-S21A. Lysates were separated by SDS-PAGE and analyzed by immunoblotting with a C/EBP␣ antibody or the P-S21 antibody. While approximately equivalent amounts of C/EBP␣ were expressed from these expression vectors, wildtype C/EBP␣, but not the S21A mutant form, was recognized by the phosphospecific antibody (Fig. 3A) . One of the contexts in which C/EBP␣ has been most thoroughly studied is the 3T3-L1 adipocyte. Thus, we next investigated whether serine 21 is phosphorylated in this adipocyte model. 3T3-L1 adipocytes were serum deprived and then not stimulated or stimulated with 167 nM insulin for 10 min prior to lysis and separation by SDS-PAGE. Treatment of adipocytes with insulin, a known activator of ERK1/2 in these cells (19) , resulted in phosphorylation of C/EBP␣ on serine 21 (Fig. 3B) . As with PDGF, phosphorylation of serine 21 in response to insulin was rapid and transient, with maximal phosphorylation observed 20 min after stimulation (data not shown).
We then used the phosphospecific antibody to test whether serine 21 is phosphorylated in tissues. These experiments revealed that C/EBP␣ is phosphorylated on serine 21 in white adipose tissue, lung, bone marrow, and liver (Fig. 3C) . In tissues such as the spleen, where C/EBP␣ mRNA is not expressed, no C/EBP␣ protein could be detected, thus demonstrating that both antibodies are specific. Phosphorylation of C/EBP␣ in bone marrow raised the possibility that modification of serine 21 is regulated within the myeloid lineage. Consistent with this idea, phosphorylation of serine 21 is rapidly induced in U397 myeloid progenitors treated with TPA (Fig.  3D) . As expected on the basis of regulation of serine 21 in fibroblasts ( Fig. 2A and C) , effects of TPA on endogenous C/EBP␣ phosphorylation are blocked by inhibitors of ERK activation (Fig. 3D) . Taken together, these data indicate that
FIG. 2. ERK1/2 phosphorylates C/EBP␣ on serine 21. (A) 3T3-L1
cells were infected with a retrovirus carrying the gene for ⌬C/EBP␣. ⌬C/EBP␣-expressing cells were pretreated for 15 min in the absence (Ϫ) or presence (ϩ) of the MEK inhibitor U0126 (10 M) prior to treatment with vehicle (Con), 10% calf serum (CS), 25 ng of PDGF per ml, or 100 nM TPA for an additional 10 min. Lysates were separated by SDS-PAGE and subjected to immunoblot analysis for C/EBP␣, ERK1/2, or phospho-ERK1/2. ERK1, which migrates with an apparent mobility of 44 kDa, is the upper doublet, and ERK2, which migrates with an apparent mobility of 42 kDa, is the lower. (B) Schematic representation of C/EBP␣ and a C/EBP␣ docking site mutant engineered for use in further experiments. The ERK docking site and serine 21 are shaded. The asterisk (*) indicates the phenylalanine that is converted to alanine in the docking site mutant form. WT, wild type. (C) 3T3-L1 cells were infected with retroviruses carrying the genes for wild-type and F31A mutant ⌬C/EBP␣. Cells were not treated (Con) or treated with 10% calf serum (CS) or 25 ng of PDGF per ml for 10 min. (D) In vitro kinase assays were performed with recombinant ERK2 and GST fusion proteins containing the first 139 amino acids of C/EBP␣ (WT) or the same region with the indicated point mutations (S21A and F31A). Proteins separated by SDS-PAGE were stained with Coomassie blue (bottom) and subjected to autoradiography (top).
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ Downloaded from C/EBP␣ is phosphorylated on serine 21 in tissues and cell lines and that phosphorylation of this residue is mediated by ERK1/2. Phosphorylation of serine 21 alters the conformation of C/EBP␣ dimers but not binding to DNA. Phosphorylation of transcription factors can influence their activity through many mechanisms, including regulation of binding to DNA. To determine whether serine 21 is involved in the ability of C/EBP␣ to bind DNA, COS-7 cells were transiently transfected with expression vectors for wild-type C/EBP␣, C/EBP␣-S21A, or C/EBP␣-S21D, and nuclear lysates prepared. Immunoblot analysis revealed that mutant forms were expressed at levels similar to those of wild-type C/EBP␣ (Fig. 4A) . Moreover, EMSA showed that in vitro binding to an oligonucleotide containing the C/EBP␣ binding site from the human G-CSF receptor promoter was also comparable (Fig. 4B) . Thus, serine 21 does not appear to regulate binding to DNA.
The bZIP domain of C/EBP␣ is predicted, on the basis of X-ray crystallography of other bZIP proteins, to form an alpha-helical coiled coil (26, 40) . In contrast, the highly flexible nature of the amino terminus of C/EBP␣ hinders structural analysis of transactivation domains. One technique for indirectly assessing structural aspects of C/EBP␣, including the transactivation domains, is FRET combined with fluorescence microscopy. Transfer of energy from a donor fluorophore (i.e., CFP) to an acceptor fluorophore (i.e., YFP) is detectable if the fluorophores are less than 80 angstroms apart. Since FRET decreases to the sixth power as the distance between fluorophores increases (29, 49) , FRET nanoscopy can be used to measure distances between two fluorophore-tagged proteins that are in close proximity. Because of the association of C/EBP␣ molecules within a dimer, it is therefore possible to measure FRET when a CFP-C/EBP␣ molecule resonates with a YFP-C/EBP␣ molecule. Here we used FRET nanoscopy to probe basic structural features of C/EBP␣ dimers in living cells and to determine how the conformation of dimers is regulated by phosphorylation of serine 21.
For our experiments, we constructed expression vectors encoding fusion proteins in which CFP or YFP was fused to either wild-type C/EBP␣ or the C/EBP␣ mutant forms C/EBP␣-S21A and C/EBP␣-S21D. In addition, fluorophores were fused to either the amino (N) terminus or the carboxy (C) terminus of C/EBP␣, as illustrated in Lysates were separated by SDS-PAGE and subjected to immunoblot analysis for total C/EBP␣ (bottom) or C/EBP␣ phosphorylated on serine 21 (top) (C) Lysates from white adipose tissue (WAT), lung, bone marrow (BM), liver, and spleen were separated by SDS-PAGE and subjected to immunoblot analysis with antibody to phosphorylated serine 21 (P-S21) or C/EBP␣. (D) U937 cells were washed twice in RPMI medium without serum and suspended in RPMI medium (no serum) at 10 6 /ml. After 2 h at 37°C, cells were treated with 10 M U0126 (U0) or 50 M PD98059 (PD) for an additional 2.5 h. TPA was added to a final concentration of 1 M, and cells were incubated for an additional 30 min. Immunoblot analysis with antisera specific for phosphorylated serine 21 or for C/EBP␣ was then performed. For all experiments, similar results were obtained in three independent experiments.
endogenous C/EBP␣ in undifferentiated 3T3-L1 cells is exceedingly low, such that it would not compete for dimerization between the fluorophore-labeled proteins. Two days after transfection, cells were treated with 10 nM TPA or vehicle for 20 min, and images were collected. Energy transfer from CFP to YFP was measured as described previously (37) . No FRET was observed if CFP and YFP were not fused to C/EBP␣ (37) . For FRET determination, each image was corrected for the amounts of background fluorescence and for the contribution of each fluorophore to the donor, acceptor, and FRET channels. Calculations are described in detail in Materials and Methods. Transfection variation resulted in different levels of CFP-and YFP-C/EBP␣ expressed in each cell. This enabled us to accurately calculate the amount of FRET according to the previously described (37) relationship between the amount of FRET and the relative amounts of the acceptor (YFP) and donor (CFP) fluorophores (see Materials and Methods). Overall, expression of the fluorophore-tagged factors in undifferentiated 3T3-L1 cells was approximately equivalent to the amount of endogenous C/EBP␣ expressed in 3T3-L1 cells differentiated into adipocytes (37) . In addition, the N-or Cterminal fluorescent tags did not influence the stability or DNA binding of C/EBP␣, as assessed by immunoblot and gel shift analyses, respectively (data not shown). Finally, fluorophore-tagged C/EBP␣, like endogenous C/EBP␣, concentrates in the nucleus at pericentromeric AT-rich DNA (39) . Whether C/EBP␣ dimers had one N-and one C-terminal fluorophore (Fig. 5A) , two N-terminal fluorophores (Fig. 5B) , or two Cterminal fluorophores (Fig. 5C ), the fluorophores are close enough to transfer energy. These data are consistent with the idea that C/EBP␣ bends such that the N and C termini are in close proximity, as illustrated in Fig. 5 .
Here we found that treatment of cells with TPA for 20 min caused a statistically significant decrease in FRET when C/EBP␣ dimers were tagged at the N and C termini (Fig. 5) , consistent with the idea that TPA triggers a dynamic conformational change in C/EBP␣ and increased distance between fluorophores. This effect was not observed when cells expressing fluorophore-tagged C/EBP␣-S21A were treated with TPA (Fig. 5A) . The finding that FRET associated with C/EBP␣-S21A was not affected by TPA and was similar to untreated, wild-type C/EBP␣ suggests that phosphorylation of S21 underlies the conformational change. In further support of this conclusion, FRET associated with expression of C/EBP␣-S21D was also not affected by TPA treatment. However, in this case, the extent of FRET was significantly less than that measured from untreated cells expressing wild-type C/EBP␣. Indeed, whether cells expressing C/EBP␣-S21D were treated with TPA or not, the extent of FRET was very similar to that observed from wild-type C/EBP␣ treated with TPA. Taken together, these observations suggest that TPA-induced phosphorylation of C/EBP␣ causes an increase in the distance between the N and C termini of the molecules in a dimer. Furthermore, our data suggest that the C/EBP␣-S21A mutant mimics the dephosphorylated form of C/EBP␣, whereas the C/EBP␣-S21D mutant mimics the phosphorylated form.
Virtually identical results were obtained when the same experiment was performed with C/EBP␣ fusion proteins in which fluorophores were placed on the N terminus (Fig. 5B) . These findings suggest that phosphorylation of serine 21 causes a conformational change in C/EBP␣ that not only moves the N terminus away from the C-terminal end of the heterodimeric partner (Fig. 5A ) but which also moves the N termini apart. In sharp contrast, when both fluorophores were attached to the bZIP domain at the C terminus of C/EBP␣, no differences in FRET were observed under any condition (Fig. 5C ). These observations suggest that interactions between the bZIP domains are similar irrespective of the charge at amino acid 21. This finding is important because it indicates that phosphorylation of C/EBP␣ has no effect on the stability of dimer formation; rather, it is specific to the conformation of C/EBP␣ dimers. Phosphorylation of C/EBP␣ on serine 21 inhibits granulopoiesis. Given that phosphorylation of serine 21 alters the conformation of C/EBP␣ dimers, we hypothesized that this modification might alter the function of C/EBP␣. We and others (28, 34, 55) previously showed that ectopic expression of C/EBP␣ directs granulocytic differentiation. To determine whether phosphorylation of serine 21 regulates the ability of C/EBP␣ to mediate this process, we expressed either wild-type C/EBP␣ or phosphorylation mutant forms in K562 cells. These leukemia-derived cells were chosen because they do not express endogenous C/EBP␣ and they undergo rapid granulocytic differentiation in response to ectopic C/EBP␣ (H. S. Radomska, P. Zhang, and D. G. Tenen, unpublished data). For these experiments, the ligand-binding domain of ER was fused to C/EBP␣ to create a protein that translocates to the nucleus (where it is active) upon addition of ␤-estradiol. Several independent K562 clonal lines were created for each C/EBP␣-ER expression vector, and these showed similar levels of ectopic protein expression (Fig. 6A) . Control experiments revealed that while C/EBP␣-ER proteins are almost exclusively cytosolic in the basal state, they translocate to the cell nucleus within 1 h of ␤-estradiol treatment (Fig. 6B and data not shown) (27, 55) . As expected, ␤-estradiol treatment of cells expressing C/EBP␣-ER induced granulocyte development, as assessed by detection of respiratory burst activity with nitroblue tetrazolium (NBT; Fig. 6C ). Quantitation of this assay revealed that approximately 90% of C/EBP␣-ER-expressing cells became NBT positive upon ␤-estradiol treatment (Fig. 6D ). This C/EBP␣-induced granulopoiesis was accompanied by an increase in the expression of granulocyte-specific genes (e.g., those for the G-CSF receptor and C/EBPε; Fig. 6E ). When clones expressing C/EBP␣-ER-S21A were treated with ␤-estradiol, they likewise underwent granulopoietic development, with approximately 85% of the cells staining positively for NBT ( Fig. 6C and D) , suggesting that the dephosphorylated form of C/EBP␣ is sufficient to mediate granulopoiesis. In marked contrast, when serine 21 was mutated to aspartate (S21D) to mimic the phosphorylated state of C/EBP␣, this mutant form was unable to induce granulopoiesis ( Fig. 6C and D) . In this case, only 10% of the cells were positive upon NBT staining and the granulocyte markers G-CSF receptor and C/EBPε were undetectable (Fig. 6E) . These data suggest that phosphorylation of C/EBP␣ on serine 21 drastically reduces the granulocyte-inducing activity of C/EBP␣.
We next addressed the question of whether phosphorylation of C/EBP␣ is sufficient to block granulocyte differentiation. For these experiments, we used U937 cells, a bipotential myeloid line that differentiates into granulocytes upon treatment with retinoic acid (RA) (25) . Endogenous C/EBP␣ is readily detected in U937 cells and increases upon induction of granulopoiesis. As expected, RA induced granulocyte differentiation in U937 cells expressing either C/EBP␣-ER-S21A or C/EBP␣-ER-S21D in the absence of ␤-estradiol (Fig. 7A and  B) . Whereas approximately 85% of the U937 cells expressing "cytoplasmic" C/EBP␣-ER-S21A become NBT positive in response to RA for 48 h, only 70% of the U937 cells expressing cytoplasmic C/EBP␣-ER-S21D are positive for NBT with this treatment. It is likely that this slight inhibition of granulocyte differentiation is due to leaky translocation of C/EBP␣-ER-S21D from the cytosol to the nucleus, despite the absence of exogenous ␤-estradiol. Activation of C/EBP␣-ER-S21A with ␤-estradiol in U937 cells induced granulocyte differentiation in the absence of RA, indicating that the dephosphorylated form of C/EBP␣ stimulates granulopoiesis in both U937 and K562 cells (Fig. 6 and 7A) . However, when serine 21 was mutated to aspartate (S21D) to mimic the phosphorylated state of C/EBP␣, this mutant form was again unable to induce granulocyte differentiation, as seen in the NBT-stained cells in Fig.  7A . While treatment of C/EBP␣-ER-S21A clones with ␤-estradiol and RA caused granulopoiesis, activation of C/EBP␣-ER-S21D with ␤-estradiol inhibited granulocyte differentiation in response to RA. Counting of NBT-positive cells revealed that approximately 85% of the C/EBP␣-ER-S21A-expressing cells were granulocytic in response to ␤-estradiol and RA, whereas only 15% of the C/EBP␣-ER-S21D-expressing cells were granulocytic under these conditions (Fig. 7B) . Thus, in the presence of nuclear C/EBP␣-ER-S21D, RA is unable to efficiently induce respiratory activity, as shown by NBT reduction assay (Fig. 7A) . Moreover, the expression of granulocyte markers, such as the G-CSF receptor and C/EBPε, was inhibited approximately twofold (Fig. 7C ) in cells that express nuclear C/EBP␣-ER-S21D. In contrast, activation of C/EBP␣-ER-S21A with estrogen did not inhibit induction of the G-CSF receptor and C/EBPε by RA (Fig. 7D) . These data suggest that phosphorylation of serine 21 partially represses RA-induced granulocytic differentiation of U937 cells.
DISCUSSION
C/EBP␣ has important roles in the differentiation and metabolism of several cell types, including granulocytes. This transcription factor is expressed in bipotential myeloid cells concomitantly with their commitment to the myeloid lineage. Without it, no mature granulocytes form, whereas its conditional expression induces granulopoiesis and inhibits monocyte differentiation. Given that C/EBP␣ is expressed prior to granulocyte differentiation, it is likely that extracellular factors influence the timing and cell fate decision between monocyte and granulocyte differentiation in part by regulating C/EBP␣ activity. Signaling pathways that directly regulate C/EBP␣ activity, however, are poorly characterized. Here we show that phosphorylation of C/EBP␣ at serine 21 regulates the activity of C/EBP␣ in its role as an inducer of granulocyte differentiation. Specifically, only the dephosphorylated form of C/EBP␣ is able to induce granulopoiesis. Indeed, C/EBP␣-S21D partially inhibits RA-induced granulopoiesis, suggesting that the phosphorylated form of C/EBP␣ may actively repress granulocyte differentiation. Consistent with this function, when U937 cells are induced to undergo monocyte differentiation by treatment with TPA, C/EBP␣ becomes phosphorylated at serine 21 ( Fig. 3D ) and therefore inactive in its role as an inducer of granulopoiesis. These findings imply that part of the mechanism whereby TPA induces monocyte differentiation of U937 cells is suppression of the alternate cell fate pathway, that of granulocyte differentiation. This study therefore provides a link between the agents that induce differentiation and the mechanism whereby the posttranslational modification of a transcription factor regulates cell fate determination.
While phosphorylation has long been hypothesized to alter the tertiary structure of proteins, this idea has only been proven in a small number of cases. For transcription factors in the bZIP family, structural information has been largely limited to the DNA-binding domain because this region is rigid enough for analysis by X-ray crystallography (26, 40) . Herein, we used FRET nanoscopy as a tool with which to investigate the structural parameters of interacting molecules within living cells. Specifically, we probed elements of C/EBP␣ structure and determined how the conformation of C/EBP␣ dimers is regulated by phosphorylation. Although it is conceivable that differences in FRET are influenced by differential binding to coactivators or corepressors, or effects on bending of DNA, the interpretation we favor is that the N-terminal (transactivation) domain of C/EBP␣ changes conformation upon phosphorylation of C/EBP␣. Our data are consistent with the idea that phosphorylation of S21 causes the transactivation domains of C/EBP␣ to move further apart, as illustrated in Fig. 5D . Distances between fluorophores can be calculated from distance sensitivity in the efficiency of energy transfer between fluorophores (39) . On the basis of these calculations, the N terminus is calculated to move 3.1 and 4.2 angstroms further from the C terminus upon treatment with TPA or mutation of serine 21 to aspartate, respectively (Fig. 5A) . Similarly, effects of TPA and S21D correspond to a 2.6-to 3.5-angstrom change in the position of N-terminal fluorophores, respectively (Fig. 5B) . However, FRET would also change if phosphorylation caused rotation of a domain within C/EBP␣ such that donor and acceptor fluorophores attained a less favorable orientation for FRET. We cannot distinguish the degree to which changes within the C/EBP␣ domain distance or orientation contribute to the observed differences in FRET. Regardless, the FRET measurements show that the N-terminal domain of C/EBP␣, containing serine 21, specifically adopts a different conformation within the C/EBP␣ dimer upon phosphorylation at serine 21. Although phosphorylation-induced conformational changes are widely assumed to occur, this is, to our knowledge, the first evidence of their detection in a living cell. In our analysis to determine whether phosphorylation of serine 21 alters the activity of C/EBP␣, we performed a variety of experiments in which we compared the activity of C/EBP␣ to that of those the C/EBP␣-S21A and C/EBP␣-S21D mutant forms. On the basis of FRET analysis ( Fig. 5A and B) , it is likely that the S21A and S21D mutant forms mimic the dephosphorylated and phosphorylated states of C/EBP␣, respectively. Immunoblot analysis reveals that, whether introduced into cells by transfection or retroviral infection, all three forms of C/EBP␣ are expressed at similar levels (data not shown). Likewise, mutation of serine 21 has no effect on the ability of C/EBP␣ to bind DNA, as revealed by gel shift analysis (Fig. 4) . In transient-transfection assays, wild-type C/EBP␣ and the S21A and S21D mutant forms are similar in the ability to transactivate leptin-, PPAR␥-, or G-CSF receptor-derived promoters or to repress c-myc-or E2F-dependent reporter genes (data not shown). Similarly, chimeric transcription factors with the N-terminal transactivation domain of wild-type C/EBP␣ or the S21A or S21D mutant form fused to the DNA-binding domain of Gal4 similarly induced the expression of a reporter gene (data not shown). Finally, we found that wild-type C/EBP␣, C/EBP␣-S21A, and C/EBP␣-S21D are equipotent in the ability to induce the morphological characteristics associated with adipogenesis in both 3T3-L1 cells and C/EBP␣ Ϫ/Ϫ mouse embryonic fibroblasts. Thus, our studies raised the possibility that phosphorylation of serine 21 regulates the function of C/EBP␣ in specific contexts. We favor the idea that this phosphorylation event regulates a subset of binding partners with which C/EBP␣ interacts. For instance, serine 21 might regulate C/EBP␣ activity in a tissue-restricted manner through interaction with transcription factors, coactivators, and/or corepressors expressed in certain lineages, such as myeloid cells, but not in others, such as adipocytes. Further experiments are under way to identify putative binding partners whose interaction with C/EBP␣ is regulated by phosphorylation of serine 21.
Our studies in which ectopic expression of C/EBP␣-S21D is shown to partially block RA-induced differentiation of U937 cells (Fig. 7) suggest that phosphorylated C/EBP␣ acts as a dominant negative protein. Incidentally, it should be noted that C/EBP␣-S21D did not block monocyte differentiation (data not shown). Thus, C/EBP␣-S21D is not a general suppressor of differentiation but rather specifically inhibits differentiation into granulocytes. We favor the model in which phosphorylated C/EBP␣ blocks granulopoiesis because it binds to C/EBP␣ binding sites, thereby blocking the binding of nonphosphorylated C/EBP␣, but is inactive in the ability to promote granulopoiesis, perhaps because the phosphorylated form is unable to interact with specific binding partners that are necessary for granulocyte differentiation. Further studies are under way to substantiate this model.
Numerous studies suggest that dysregulation of C/EBP␣ is central in the development of myeloid leukemias, such as AML and chronic myeloid leukemia (CML) (11, 28, 33) . For instance, AML is frequently caused by a translocation that gives rise to a fusion protein of RUNX1 and CBF2T1 (also known as AML-ETO). Patients with AML caused by this translocation have reduced levels of C/EBP␣ mRNA, and it is thought that absence of C/EBP␣ in these patients is an underlying cause of the leukemia that develops (27) . Analogously, progression of CML to the stage of blast crisis is triggered by a translocation resulting in the BCR-ABL fusion protein. Recently, it has been shown that expression of BCR-ABL results in loss of C/EBP␣ protein by inhibiting the translation of C/EBP␣ mRNA (31) . A direct causal connection between myeloid leukemia and C/EBP␣ was uncovered when it was found that approximately 17% of AML patients with a normal karyotype have mutations within the C/EBPA gene. These mutations result in the translation of a mutant C/EBP␣ protein with dominant negative properties that inhibits the activity of endogenous C/EBP␣. ⌴utations identified in other AML patients in the bZIP domain of C/EBP␣ interfere with DNA binding. Thus, multiple mechanisms that result in inhibition of C/EBP␣ protein function contribute to myeloid leukemias (44) .
Here we show that ERK1/2 activity inhibits C/EBP␣ function through phosphorylation of serine 21. About 30% of AML patients carry activating mutations in the FLT3 receptor tyrosine kinase gene, which results in constitutive activation of the downstream ERK1/2 pathway. Indeed, in the course of the present work, we found that in this subtype of AML, C/EBP␣ is hyperphosphorylated on serine 21, which contributes to the differentiation block of the leukemic blasts (H. S. Radomska et al., unpublished data). Our studies therefore raise the possibility that inhibition of ERK1/2 in myeloid progenitors, which would allow dephosphorylation and thereby activation of C/EBP␣, may help promote differentiation from a proliferative myeloid blast to a terminally differentiated granulocyte. Thus, a mechanistic understanding of C/EBP␣ function may help direct future research aimed at developing therapies for the treatment of myeloid leukemias.
